Chondrosarcoma is the second most common malignant bone tumor. It is characterized by low vascularity and an abundant extracellular matrix, which confer these tumors resistance to chemotherapy and radiotherapy. There are currently no effective treatment options for relapsed or dedifferentiated chondrosarcoma, and new targeted therapies need to be identified. Isocitrate dehydrogenase (IDH) mutations, which are detected in~50% of chondrosarcoma patients, contribute to malignant transformation by catalyzing the production of 2-hydroxyglutarate (2-HG), a competitive inhibitor of α-ketoglutaratedependent dioxygenases. Mutant IDH inhibitors are therefore potential novel anticancer drugs in IDH mutant tumors. Here, we examined the efficacy of the inhibition of mutant IDH1 as an antitumor approach in chondrosarcoma cells in vitro and in vivo, and investigated the association between the IDH mutation and chondrosarcoma cells. DS-1001b, a novel, orally bioavailable, selective mutant IDH1 inhibitor, impaired the proliferation of chondrosarcoma cells with IDH1 mutations in vitro and in vivo, and decreased 2-HG levels. RNA-seq analysis showed that inhibition of mutant IDH1 promoted chondrocyte differentiation in the conventional chondrosarcoma L835 cell line and caused cell cycle arrest in the dedifferentiated JJ012 cell line. Mutant IDH1-mediated modulation of SOX9 and CDKN1C expression regulated chondrosarcoma tumor progression, and DS-1001b upregulated the expression of these genes via a common mechanism involving the demethylation of H3K9me3. DS-1001b treatment reversed the epigenetic changes caused by aberrant histone modifications. The present data strongly suggest that inhibition of mutant IDH1 is a promising therapeutic approach in chondrosarcoma, particularly for the treatment of relapsed or dedifferentiated chondrosarcoma.
Introduction
Chondrosarcoma is the second most common malignant bone neoplasm. It is characterized by the accumulation of malignant cells with chondrogenic features, leading to the production of a cartilaginous matrix. Approximately 85% of chondrosarcomas are primary and of the conventional type [1] . Conventional chondrosarcoma, which includes central, peripheral, and periosteal subtypes according to the anatomical location of tumors, commonly develops in the medullary cavity and proliferates centrifugally. The remaining 15% of chondrosarcomas consist of clear cell, mesenchymal, and dedifferentiated subtypes. The most common skeletal sites are the bones of the pelvis, followed by the femur, humerus, and ribs [1] . Chondrosarcoma is generally resistant to chemotherapy and radiotherapy because of its low vascularity and the accumulation of extracellular matrix [2] . The standard treatment for chondrosarcoma is surgical resection of the tumor, and complete wide resection is necessary to achieve a curative effect because high-grade chondrosarcoma has high rates of local recurrence and distant metastasis [3, 4] . However, relapse and metastasis remain frequent in conventional chondrosarcomas, especially in spinal and pelvic tumors, because of the technical difficulties associated with wide resection, resulting in a poor prognosis [3] . Dedifferentiated chondrosarcoma, which develops in 10-15% of central chondrosarcomas, is characterized by the transition from a cartilage tumor to a more aggressive non-cartilage component containing features of osteosarcoma, fibrosarcoma, and high-grade spindle cell sarcoma. This type of tumor is characterized by a rapid change in clinical course and a dismal prognosis, with a 5 year survival of 10-25% [4] [5] [6] . There are no effective treatments for relapsed, metastatic, or dedifferentiated chondrosarcomas, and the development of novel targeted therapies is urgently needed.
Heterozygous mutations in genes encoding isocitrate dehydrogenase (IDH) 1 and 2 are frequently detected in acute myeloid leukemia (AML), angioimmunoblastic T-cell lymphoma, glioma, and cholangiocarcinoma [7] [8] [9] [10] . These mutations also occur in several benign and malignant cartilaginous tumors including conventional chondrosarcoma and dedifferentiated chondrosarcoma [11] [12] [13] . In chondrosarcoma, IDH mutations result in changes in specific amino acid residues, namely, R132 in IDH1 and R172 in IDH2 [12, 14, 15] . Mutant IDH catalyzes the formation of the oncometabolite D-2-hydroxyglutarate (D-2-HG), but not its enantiomer L-2-hydroxyglutarate (L-2-HG) [16] , which competitively inhibits α-ketoglutarate-dependent dioxygenases including epigenetic regulators (TETs and histone demethylases) and others (EGLN and collagen prolyl 4hydroxylases) [17] [18] [19] [20] [21] [22] . The inhibitory effects of 2-HG lead to aberrant DNA and histone methylation [17] [18] [19] , and the stabilization of hypoxia-inducible factor 1α, which promote tumorigenesis [23] . The roles of mutant IDH in tumorigenesis have been analyzed extensively in vitro and in vivo. Mutant IDH increases the proliferation and represses the differentiation of cultured cells in vitro [20, 24] . Expression of mutant IDH2 in the mouse mesenchymal cell line C3H10T1/2 causes aberrant DNA methylation and impairs differentiation [25] . Furthermore, IDH2 mutant cells develop into poorly differentiated sarcomas in xenograft models. These studies demonstrate that mutant IDH acts as an oncogene and can induce the formation of malignant tumors in vivo. Previous work from our group showed that mutation of IDH2 is critical for the development and maintenance of AML stem-like cells, and that targeting mutant IDH enzymes is a potential strategy for anticancer therapy [26] .
Approximately 50% of conventional and dedifferentiated chondrosarcomas harbor IDH mutations [12] . The high prevalence of IDH mutations in chondrosarcoma suggests that these gain of function mutations are potential therapeutic targets for inoperable and metastatic tumors. However, the suppressive effect of mutant IDH1 inhibitors in chondrosarcoma is controversial [27, 28] . Namely, the mutant IDH1 inhibitor AGI-5198 does not impair the proliferation and migration of IDH1 mutated cell lines, although it markedly decreased D-2-HG levels, suggesting that cell growth in chondrosarcoma is independent from IDH mutations [27] . On the other hand, treatment with the drug at higher concentrations induced apoptosis and G2/M cell cycle arrest [28] . Several mutant IDH inhibitors have been developed [27] [28] [29] [30] [31] [32] [33] , some of which are currently being tested in clinical trials for the treatment of various diseases including chondrosarcoma [34] . A mutant IDH1 inhibitor, AG-120, and a mutant IDH1/2 inhibitor, AG-881, are under clinical evaluation in phase I studies. In addition, AG-221, a mutant IDH2 inhibitor, is currently being tested in a phase I/ II trial [34] . However, whether mutant IDH is critical for the development and maintenance of chondrosarcoma cells remains unclear.
Here, we developed a novel, orally bioavailable, selective mutant IDH1 inhibitor, DS-1001b, which showed potent inhibitory activity against the IDH1 mutation. DS-1001b is a clinically investigational drug and was used to investigate the role of mutant IDH1 in conventional or dedifferentiated-like chondrosarcoma cells. The aim of the present study was to evaluate the efficacy of inhibition of mutant IDH1 as a therapeutic approach in chondrosarcoma cells in vitro and in vivo, and to investigate the function of mutant IDH in chondrosarcoma cells.
Results

DS-1001b impairs the proliferation of IDH1-mutated chondrosarcoma cell lines and decreases 2-HG levels
A novel mutant IDH1 inhibitor, DS-1001b, was developed ( Fig. 1a ). DS-1001b strongly inhibited mutant IDH1 but not wild-type IDH1. The role of mutant IDH1 in chondrosarcoma was investigated by assessing the effects of DS-1001b on chondrosarcoma cell lines with wild-type or mutant IDH. Sanger sequencing was performed to determine the presence of IDH mutations in the different cell lines. The heterozygous IDH mutation was detected in JJ012 (IDH1R132G), L835 (IDH1R132C), and SW1353 (IDH2R172S) cells ( Supplementary Fig. 1A) , whereas OUMS27 and NDCS-1 cells had no mutation in either allele (data not shown).
Measurement of intracellular 2-HG by LC-MS/MS
showed that 2-HG levels were significantly higher in IDHmutated cell lines than in IDH wild-type cell lines, in which 2-HG was barely detectable (Fig. 1b ). The levels of 2-HG did not differ significantly between mutant IDH1 and IDH2 cell lines. Exposure to 1 μM DS-1001b for 72 h markedly decreased intracellular 2-HG levels in JJ012 and L835 cells, whereas DS-1001b had no effect in SW1353, OUMS27, and NDCS-1 cells. Intracellular D-2-HG levels measured by LC-TOFMS were 100-fold higher than L-2-HG levels and completely blocked with 1 μM DS-1001b for 72 h in both IDH1-mutated cell lines (Fig. 1c) .
The IDH1 mutant cell lines JJ012 and L835 were treated with different concentrations of DS-1001b (0-10 μM), and cell proliferation was assessed by counting cumulative cell numbers. DS-1001b impaired proliferation in both cell lines in a dose-dependent manner ( Fig. 1d ), whereas the drug had little effect on the proliferation of the IDH wild-type cell lines OUMS27 and NDCS-1 ( Supplementary Fig. 1B ); GI 50 values for JJ012, L835, OUMS27, and NDCS-1 cells were 81 nM (day 14), 77 nM (6 weeks), >10 μM (day 10), and >10 μM (day 10), respectively. Chondrosarcoma is generally resistant to chemotherapy because of its low vascularity and the hypoxic condition [2, 35] . Therefore, the effect of DS-1001b on cell viability was evaluated under 3D (spheroids) and hypoxic (1% O 2 ) conditions. JJ012 spheroids generated from 1.0 × 10 3 cells reached a diameter of~200 μm after 3 days ( Supplementary Fig. 1C ), whereas L835 cells did not form spheroids because of the slow rate of cell growth. DS-1001b decreased cell viability in a dose-dependent manner even under 3D and hypoxic conditions, although cell viability was significantly higher in cells cultured as spheroids and under hypoxic conditions than in cells cultured in a monolayer (Fig. 1e ); the GI 50 values for JJ012 cells at 7 days after DS-1001b treatment were 289.6 nM (monolayer), 1,444 nM (spheroids), and 1,363 nM (1% O 2 ), and those for L835 cells at 3 weeks after DS-1001b treatment were 160.9 nM (monolayer) and 2,878 nM (1% O 2 ). Treatment with DS-1001b decreased intracellular 2-HG levels in a dose-dependent manner in JJ012 and L835 cells (Fig. 1f ). The production of intracellular 2-HG in JJ012 and L835 cells was completely blocked in response to treatment with 1 μM DS-1001b for 72 h, and this was consistent with the extent of inhibition of cell growth. Furthermore, DS-1001b treatment for 72 h did not clearly induce apoptosis ( Supplementary Fig. 1D ). These results demonstrate that DS-1001b selectively impairs cell proliferation in IDH1 mutant chondrosarcoma cells and concomitantly decreases intracellular 2-HG levels.
Inhibition of mutant IDH1 promotes normal chondrocyte differentiation by upregulating SOX9 in L835 cells
To investigate the molecular mechanism by which inhibition of mutant IDH1 regulates the proliferation of chondrosarcoma cells, we performed RNA sequencing in L835 cells. The analysis identified 4,783 genes showing ≥1.2-fold upregulation and 5,028 genes showing ≤1.2-fold downregulation in treated cells. Next, pathway analysis was used to identify the signaling pathways activated or inactivated upon inhibition of mutant IDH1. The transcriptional profiles of DS-1001b-treated L835 cells were characterized by the upregulation of genes related to the mesodermal differentiation pathway, the vitamin D receptor pathway, retinoic acid signaling, and the chondrocyte differentiation pathway ( Fig. 2a ). L835 is derived from a grade 3 conventional chondrosarcoma patient and shows a chondrogenic phenotype [36] . Furthermore, because previous reports demonstrated that inhibition of mutant IDH induces the differentiation of AML and glioma cells [26, 29, 33] , we hypothesized that normal chondrocyte differentiation would also be induced by inhibition of mutant IDH1 in conventional chondrosarcoma. We therefore examined this pathway in further experiments.
The results of RT-PCR confirmed that DS-1001b treatment markedly upregulated SOX9 and RUNX2, which are upstream genes in the chondrocyte differentiation pathway, in a time-dependent manner ( Fig. 2b ). Western blot analysis showed that DS-1001b markedly upregulated SOX9, a key regulator of chondrocyte differentiation, at the protein level ( Fig. 2c ). Because L835 cells showed a slower growth rate than other cell lines, the upregulation of SOX9 and RUNX2 was mostly detected at 6 weeks after DS-1001b treatment. Assessment of the expression of downstream genes in the chondrocyte differentiation pathway, including COL2A1, COL10A1, and ACAN, by RT-PCR showed that DS-1001b significantly upregulated the expression of these genes (Fig. 2d ). When L835 cells were placed in a chondrogenic medium as 3D pellet cultures for 6 weeks, they synthesized a cartilaginous matrix resembling primary tumors ( Fig. 2e ) [36] . DS-1001b treatment for 2 weeks increased lacunar spaces and decreased nuclear size and hyperchromasia of L835 cells in H&E staining. SOX9 was expressed at higher levels in the nucleus of DS-1001b-treated L835 cells than in untreated L835 cells ( Fig. 2e ). DS-1001b also significantly increased Collagen II expression around SOX9 positive cells ( Supplementary Fig. 2 ). Furthermore, Alcian blue staining for detection of matrix proteoglycan revealed that DS-1001b significantly increased the chondrocyte matrix area ( Fig. 2e, f) . These results suggested that inhibition of mutant IDH1 by DS-1001b impaired cell proliferation by promoting normal chondrocyte differentiation in conventional chondrosarcoma cells.
Inhibition of mutant IDH induces cell cycle arrest by activating CDKN1C in JJ012 cells
Unlike the response in L835 cells, inhibition of mutant IDH1 by DS-1001b treatment in JJ012 cells had no effect on the chondrocyte differentiation pathway (data not shown). JJ012 cells have a more dedifferentiated morphology [37] , and therefore show few characteristics of cartilaginous tumors. Consistently, the expression of downstream genes in the chondrocyte differentiation pathway including COL2A1, COL10A1, and ACAN was barely detected by RT-PCR in JJ012 cells (data not shown), suggesting that the mechanism of action of DS-1001b in dedifferentiated cells differs from that in conventional chondrosarcoma cells. Therefore, other pathways related to the inhibition of proliferation in dedifferentiated-like JJ012 cells were investigated by RNA sequencing. The results showed that the transcriptional profiles of DS-1001b-treated JJ012 cells were characterized by the upregulation of genes related to the cell cycle, apoptosis, WNT signaling, and Hedgehog signaling ( Fig. 3a) . Because DS-1001b markedly induced the expression of cell cycle-related genes and particularly those related to the G1/S transition, we next focused on this pathway. Analysis of cell cycle progression by flow cytometry showed that treatment with 1 μM DS-1001b for 7 days induced G1 phase arrest. DS-1001b increased the percentage of cells in G0/G1 phase by 5.4% (P < 0.0005) and decreased that of cells in S phase by 4.4% (P < 0.0001) ( Fig. 3b ). Of the genes in the cell cycle pathway, CDKN1C (P57) showed the highest upregulation in response to DS-1001b treatment (Fig. 3c ). RT-PCR confirmed that DS-1001b treatment significantly upregulated CDKN1C (Fig.  3d ), and western blot analysis showed the upregulation of CDKN1C by DS-1001b at the protein level ( Fig. 3e) .
To examine the effects of CDKN1C activation on IDH1 mutant chondrosarcoma cells, we generated CDKN1Coverexpressing JJ012 cells. CDKN1C overexpression, which did not induce apoptosis ( Supplementary Fig. 3 ), significantly impaired cell proliferation compared with that of control cells (Fig. 4a ). To determine whether the DS-1001b-induced activation of CDKN1C was responsible for the proliferation impairment in JJ012 cells, CDKN1C was knocked out using the CRISPR/Cas9 system in vitro. The downregulation of CDKN1C was confirmed by western blotting (Fig. 4b ). In vitro cell proliferation assays showed that CDKN1C knockout rescued the growth inhibition of JJ012 cells induced by DS-1001b (Fig. 4c) . These results suggest that repression of CDKN1C mediated by mutation of IDH is important for tumor progression in JJ012 cells, and overactivation of CDKN1C induced by DS-1001b impairs the proliferation of JJ012 cells, which have a dedifferentiated-like phenotype.
Inhibition of mutant IDH1 upregulates SOX9 and CDKN1C by decreasing H3K9me3 levels 2-HG induces aberrant epigenetic changes by inhibiting histone lysine demethylases and DNA demethylases. We therefore examined the global trimethylation of histone H3K4, H3K9, and H3K27 in mutant IDH1 and wild-type IDH cell lines. Western blot analysis showed a significant increase of both active (H3K4me3) and repressive (H3K9me3 and H3K27me3) marks in mutant IDH1 cells ( Fig. 5a, Supplementary Fig. 4A ). DS-1001b-mediated inhibition of mutant IDH1 significantly reduced the levels of H3K4me3 and H3K9me3 in JJ012 and L835 cells, whereas H3K27me3 levels remained unchanged in both cell lines ( Fig. 5b, Supplementary Fig. 4B ). By contrast, DS-1001b had little effect on the levels of these histone marks in NDCS-1 cells ( Supplementary Fig. 4C ). These results suggest that mutant IDH1 induces aberrant histone methylation, and inhibition of mutant IDH1 contributes to restoring H3K4me3 and H3K9me3 to normal levels in chondrosarcoma cells.
To explore whether direct crosstalk between mutant IDH and SOX9 was involved in the effect of the IDH mutation, chromatin immunoprecipitation (ChIP)-qPCR was performed using antibodies specific for H3K4me3, H3K9me3, and H3K27me3 in L835 cells. The results showed that the SOX9 locus in L835 cells was marked by both the active (H3K4me3) and repressive (H3K9me3 and H3K27me3) marks, and DS-1001b treatment for 7 days markedly reduced the levels of H3K9me3 at the locus, with little effect on the levels of H3K4me3 and H3K27me3 (Fig.  5c ). These results demonstrate that SOX9 is directly regulated by mutant IDH1 in L835 cells, and DS-1001b upregulates SOX9 expression by decreasing H3K9me3 levels, thus promoting normal chondrocyte differentiation. ChIP-qPCR analysis also demonstrated that inhibition of mutant IDH1 by DS-1001b markedly decreased H3K9me3 levels at the CDKN1C locus in JJ012 cells (Fig. 5d ), resulting in cell cycle arrest through the upregulation of CDKN1C. Although DS-1001b impaired cell proliferation in the two cell lines via different mechanisms related to the different characteristics of the cells, the results suggested a common mechanism underlying the effects of mutant IDH1 inhibition in the two cell lines by which 2-HG-induced aberrant H3K9 trimethylation of target genes is restored, leading to the upregulation of SOX9 and CDKN1C.
Continuous administration of DS-1001b impairs tumor growth in xenograft mice
The effect of DS-1001b on mutant IDH1 cell lines was examined in vivo in a xenograft tumor model. Mice harboring JJ012 subcutaneous tumors were treated with control diet or DS-1001b at 3-9 weeks after transplantation (Fig.  6a ). Continuous administration of DS-1001b significantly impaired subcutaneous tumor growth in JJ012 xenograft mice (Fig. 6b, c and Supplementary Fig. 5A ), and tumor weight was also markedly decreased in treated mice at the final follow-up evaluation ( Supplementary Fig. 5B ). Measurement of intratumoral 2-HG levels after completion of the treatment showed that 2-HG levels were markedly lower in DS-1001b-treated mice than in untreated mice (P < 0.001) (Fig. 6d ). In addition, DS-1001b suppressed the increase of plasma 2-HG levels in this model, whereas the levels gradually increased in untreated mice (P = 0.006) (Fig. 6e) . The plasma concentration of DS-1001b in mice was 2.4-10.4 μM, which did not cause body weight loss or other serious side effects ( Supplementary Fig. 5C ). RT-PCR confirmed that DS-1001b treatment significantly upregulated CDKN1C in xenograft tumors, consistent with the in vitro results (Fig. 6f ). JJ012 tumors had a more dedifferentiated morphology in H&E staining (Fig. 6g) , as reported previously [37] . Furthermore, immunohistochemical analysis of CDKN1C showed that it was positively expressed in the nucleus of some DS-1001b-treated JJ012 cells compared with untreated JJ012 cells (Fig. 6g) . These results indicate that mutant IDH1-targeted therapy with DS-1001b is effective in a xenograft model in vivo.
Discussion
In the present study, the novel, orally bioavailable, selective mutant IDH1 inhibitor DS-1001b was used to elucidate the role of IDH mutations in the development and maintenance of chondrosarcoma cells. Tumor progression involved SOX9 and CDKN1C repression in different chondrosarcoma cell lines. Furthermore, DS-1001b reduced the levels of H3K4me3 and H3K9me3, restoring the aberrant histone modification induced by 2-HG. Novel drugs were recently developed for the treatment of soft tissue sarcomas, and some of them have shown promise for clinical application. Pazopanib [38] , trabectedin [39] , and eribulin mesylate [40] significantly prolonged the progression-free survival of patients in clinical trials and are used for the treatment of patients with advanced pretreated soft tissue sarcomas. Olaratumab [41] , New York esophageal squamous cell carcinoma 1 [42, 43] , and antiprogrammed death 1 antibody [44, 45] are currently being tested as targeted therapies in clinical trials for the treatment of various soft tissue sarcomas. However, few drugs against bone sarcomas have been developed in the past decades. Although cytotoxic chemotherapy combined with surgery and radiotherapy plays a key role in the treatment of bone sarcomas, there are few treatment options for relapsed and metastatic cases. This is particularly limiting in chondrosarcomas, which are highly resistant to both chemotherapy and radiotherapy [2] . In conventional chondrosarcoma, drug resistance is related to the low vascularity and abundant extracellular matrix of these tumors, which prevent drugs from reaching and acting on malignant chondrocytes. Dedifferentiated chondrosarcoma, which shows an abrupt transition from cartilage to more aggressive components, progresses rapidly and is associated with a poor prognosis despite wide resection or chemotherapy [2, 5] . Therefore, the development of novel-targeted therapies for the treatment of relapsed or dedifferentiated chondrosarcoma is eagerly awaited.
IDH mutations in chondrosarcoma are considered a potential therapeutic target for inoperable and metastatic cases because they are gain-of-function mutations and are present in~50% of chondrosarcoma patients [12, 14, 15] . Most mutant IDH chondrosarcoma patients harbor IDH1 mutations, which is similar to glioma and cholangiocarcinoma, which are characterized by the frequency of IDH mutations [9, 10] . The development of mutant IDH1 inhibitors is therefore more urgent than that of mutant IDH2 inhibitors for the treatment of rare tumors such as chondrosarcoma and glioma.
In the present study, inhibition of mutant IDH1 by DS-1001b significantly impaired the proliferation of two mutant IDH1 chondrosarcoma cell lines in a dose-dependent manner in vitro and in vivo. DS-1001b was also effective in these cells under 3D and hypoxic conditions, which resembled the intratumoral environment. Intracellular 2-HG levels were also markedly reduced by DS-1001b concomitant with the inhibition of cell proliferation. DS-1001b had no effect on the proliferation of wild-type IDH cells or the levels of intracellular 2-HG in mutant IDH2 cells, suggesting that this drug potently and selectively inhibits chondrosarcoma cells with mutations in IDH1. Treatment of mice bearing JJ012 xenograft tumors with DS-1001b markedly reduced intratumoral and serum 2-HG levels. 2-HG, which is regarded as an oncometabolite, is not produced in normal tissues; therefore, inhibition of mutant IDH1 by DS-1001b can maximize the effects of treatment and minimize adverse effects unlike cytotoxic chemotherapy. In the present model, continuous administration of DS-1001b for 6 weeks did not cause significant side effects, suggesting that long-term continuous administration is clinically feasible. In addition, our results suggested that 2-HG is a surrogate biomarker of treatment outcome in IDH mutant tumors, as 2-HG levels decreased markedly in response to DS-1001b treatment in parallel with the inhibition of mutant IDH chondrosarcoma cell proliferation. Therefore, the present study provided proof of concept for the inhibition of mutant IDH as a novel therapeutic approach and identified a useful biomarker, 2-HG, in unresectable, metastatic, and dedifferentiated chondrosarcoma.
The present results demonstrated that direct crosstalk between mutant IDH1 and SOX9, a key regulator of chondrocyte differentiation, occurs in L835 cells. In addition, DS-1001b-mediated removal of H3K9me3 marks at the SOX9 locus upregulated the expression of SOX9. DS-1001b also upregulated the expression of downstream genes in the chondrocyte differentiation pathway, and significantly increased the production of cartilaginous matrix in 3D cultures. These results indicate that DS-1001b promotes normal chondrocyte differentiation, thereby impairing the proliferation of L835 cells. Although these findings could not be confirmed in vivo because L835 cells are slow growing and do not form subcutaneous tumors, the present results are consistent with previous findings that mutant IDH inhibitors induce cell differentiation in AML and glioma cells with IDH mutations [29] [30] [31] 33] . Furthermore, long-term assays of L835 cells showed a significant growth delay, as inhibition of cell proliferation by DS-1001b was observed starting at 1 week after treatment. This can be attributed not only to the relatively slow cell cycle of L835 cells, but also the effects of mutant IDH inhibition on histone methylation status. Indeed, SOX9 was gradually upregulated in response to DS-1001b treatment, which reversed aberrant histone modification in 1 week. These results indicate that changes in the epigenetic status induced by mutant IDH1 inhibition gradually upregulate target genes, leading to chondrocyte differentiation in conventional chondrosarcoma cells.
However, DS-1001b did not induce chondrocyte differentiation in JJ012 cells and caused cycle arrest at the G1/S phase instead, inhibiting the growth of JJ012 cells. CDKN1C, which showed the greatest upregulation in response to DS-1001b among cell cycle-related genes, was one of the target genes regulating the proliferation of JJ012 cells in overexpression and knockout assays. Furthermore, repression of H3K9me3 at the CDKN1C locus by DS-1001b upregulated CDKN1C expression similar to the SOX9 locus in L835 cells.
We speculate that the different mechanisms of action of DS-1001b in the two cell lines reflect the different degrees of chondrocyte differentiation in these cell lines. L835 is a slow-growing cell line that resembles the primary conventional central chondrosarcoma producing myxoid matrix [27, 36] . Our results suggest that normal chondrocyte differentiation is insufficient but induced to some extent in L835 cells, and that inhibition of mutant IDH1 by DS-1001b promotes normal chondrocyte differentiation in conventional chondrosarcoma cells. On the other hand, despite being derived from intermediate-grade conventional chondrosarcoma [46] , the JJ012 cell line shows high pleomorphism and nuclear atypia with prominent nucleoli [37] , and its proliferation rate is higher than that of L835 cells. These dedifferentiated-like characteristics of JJ012 cells may be associated with the inability of DS-1001b to induce chondrocyte differentiation. The expression of downstream genes in the chondrocyte differentiation pathway, including COL2A1, COL10A1, and ACAN, was barely detectable in JJ012 cells, as determined by RT-PCR, suggesting that the undifferentiated state of JJ012 cells is beyond the point of no return from which DS-1001b can induce chondrocyte differentiation. However, the present results indicate a common mechanism underlying the effect of mutant IDH1 in conventional and dedifferentiated-like chondrosarcoma. Namely, DS-1001b treatment reduced the levels of H3K4me3 and H3K9me3 in both conventional and dedifferentiated-like cell lines, suggesting that aberrant histone modifications caused by inhibition of histone demethylases by 2-HG lead to malignant progression from benign cartilaginous tumors. 2-HG reportedly inhibits the activity of histone demethylase. We therefore speculate that the function of KDM4, a demethylase that targets histone H3, may be impaired by 2-HG and restored by DS-1001b [21] . Further investigation of the role of mutant IDH in the initiation and progression of chondrosarcoma is needed for future clinical trials.
In summary, the present results strongly suggest that inhibition of mutant IDH1 with DS-1001b is a promising therapeutic approach for the treatment of chondrosarcoma. A phase I trial of DS-1001b involving glioma patients is underway (ClinicalTrials.gov identifier: NCT03030066), and this drug may lead to significant advances in the treatment of advanced and dedifferentiated chondrosarcoma.
Materials and methods
Compounds
The synthesis and characterization of DS-1001b (Daiichi Sankyo, Tokyo, Japan) are described in a Patent Cooperation Treaty application (publication number: WO2016052697 A).
Cell lines and culture
The chondrosarcoma cell lines JJ012 (IDH1R132G), L835 (IDH1R132C), SW1353 (IDH2R172S), OUMS27 (IDH WT), and NDCS-1 (IDH WT) were used in this study. JJ012, L835, and NDCS-1 were kindly provided by Dr. Joel A. Block (Rush Medical College, Chicago, IL, USA) [46] , Dr. Judith V.M.G. Bovée (Leiden University, Leiden, The Netherlands) [36] , and Dr. A. Ogose (Niigata University, Niigata, Japan) [47] , respectively. SW1353 and OUMS27 cells were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA) and the Japan Health Science Research Resources Bank (Osaka, Japan), respectively. SW1353 was confirmed with STR DNA fingerprinting, which was performed by ATCC. Other cell lines were not registered in the database. Cells were maintained in RPMI1640 (Nacalai Tesque) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (P/S). Cells were grown at 37°C in a humidified incubator with 95% air and 5% CO 2 . All cell lines were tested for mycoplasma with the e-Myco plus Mycoplasma PCR detection kit (iNtRON Biotechnology) and found to be free from contamination.
Statistical analyses
Statistical significance was determined using the Student's t-test or analysis of variance after testing for normal distribution of data using GraphPad Prism 6 (GraphPad Software). Data were expressed as mean values, with error bars representing the standard deviation (s.d.).
